Leakage of medical residues into the environment can significantly impact natural communities. For example, antibiotic contamination from agriculture and aquaculture can directly influence targeted pathogens, but also other non-targeted taxa of commensals and parasites that regularly co-occur and co-infect the same host. Consequently, antibiotics could significantly alter interspecific interactions and epidemiology of the co-infecting parasite community. We studied how minor environmental concentrations of antibiotic affects the co-infection of two parasites, the bacterium Flavobacterium columnare and the fluke Diplostomum pseudospathaceum, in their fish host. We found that antibiotic in feed, and particularly the minute concentration in water, significantly decreased bacterial virulence and changed the infection success of the flukes. These effects depended on the level of antibiotic resistance of the bacterial strains. Antibiotic, however, did not compensate for the higher virulence of co-infections. Our results demonstrate that even very low environmental concentrations of antibiotic can influence ecology and epidemiology of diseases in co-infection with non-targeted parasites. Leakage of antibiotics into the environment may thus have more complex effects on disease ecology than previously anticipated.
Introduction
Human-induced changes in epidemiology of host -parasite interactions are major drivers of emerging infectious disease [1] . Consequently, increasing frequency of diseases has necessitated the extensive use of chemicals and antimicrobials in treating the infections. Approximately 80% of all antibiotics are used in livestock production, agriculture and aquaculture [2] , which significantly contributes to the leakage of antimicrobials into the environment [3, 4] . Concentrations of antibiotics in ecosystems vary depending on their type and decay rate, physical characteristics of the environment (soil, aquatic environment) and on the distance from the source [5] . This constitutes significant spatiotemporal variation in the effects of antibiotics on microbial and eukaryotic communities.
Leakage of minor antibiotic concentrations can select for increased resistance among environmental bacteria [6] and influence the virulence of antibiotic sensitive bacterial infections directly by reducing the infective dose and transmission. These interactions can also be more complex as antibiotics can increase bacterial virulence [7, 8] , adaptation and fitness [4, 9] , or relax competitive interactions between bacterial species and allow outbreaks of opportunistic infections [10] .
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Variation in antibiotic resistance in the microbial community may thus influence population dynamics of harmless and pathogenic bacteria in the presence of antibiotics. These effects may extend to community and ecosystem levels and, importantly, include also parasite taxa not targeted with antibiotic [5, 11] .
Whereas co-infections and the resulting parasite interactions can significantly shape disease epidemiology [12] and the virulence of infection [13] , effects of antibiotics on the virulence of co-infections and success of non-targeted co-infecting parasites are largely unknown. This is relevant for disease ecology, but also from the applied perspective of disease management, as antibiotic leakage may add yet another dimension to the complex genetic interactions between co-infecting parasites and pathogens, and increase the unpredictability in the outcomes of co-infections [14] .
Oxytetracycline (OTC) is a common antibiotic in aquaculture with minor concentrations of 0.8-6.3 mg g 21 regularly observed in sediments of fish farms [15] . Here, we studied how the environmental concentration of OTC (1 mg ml 21 )
influences the epidemiology and virulence of co-infection between the bacterium Flavobacterium columnare and the fluke Diplostomum pseudospathaceum. Both species infect aquaculture fish [16, 17] and interact in co-infections [14] . We administered the antibiotic to the system in two ways, using a veterinary dose in fish feed and the minor concentration in ambient water, and explored changes in the overall infection virulence and in infection success of the fluke. We found that particularly the minor concentration of antibiotic in water decreased virulence and changed the success of the flukes.
Material and methods
Three previously characterized F. columnare strains (B374, B375 and B351) were used [17] . Bacterial resistance to OTC was determined by measuring the maximum optical density of bacterial culture during 24 h culture in Shieh medium [18] containing 0 or 1 mg ml 21 OTC using a BioScreen temperature-controlled spectrophotometer. Strains were correspondingly designated as resistant (B375), intermediate (B374) and not resistant (B351) (electronic supplementary material, figure S1 ). Infected Lymnaea stagnalis snails, intermediate hosts of D. pseudospathaceum and shedding clonal fluke larvae (cercariae) were collected from Lake Vuojärvi (62824 0 54 00 N, 25856 0 14 00 E), Finland, and stored individually in 1 l of water at 68C until the beginning of the experiment.
Naive rainbow trout fry (average weight 0.286 g) were maintained in six aquaria and fed daily with commercial feed (2% of body weight). Six days prior to the experiment, fish in three haphazardly selected aquaria were switched to antibiotic feed for 5 days. The feed contained a clinical dose of OTC (30 g OTC kg 21 feed), a concentration regularly used in disease treatment in aquaculture. All fish were kept unfed for 1 day before the experimental exposures.
The experimental set-up included three different treatment groups: fish without antibiotic, fish pre-treated with antibiotic in feed and fish with 1 mg ml 21 OTC in the exposure water. Fish from the three groups were exposed individually to the three Flavobacterium strains (5 Â 10 3 colony forming units per ml per fish) and Diplostomum flukes (40 cercariae per fish) in single and co-infection combinations in small plastic aquaria containing 500 ml of water (258C). Controls with neither bacterial nor parasite infection were also included with and without the antibiotic. All treatment groups included 20 fish, resulting in a total number of 24 groups and 480 fish.
Fish were monitored every hour for disease symptoms and morbidity. Morbid fish that did not respond to external stimuli were considered dead and removed from the experiment, measured and dissected for the number of flukes in the eye lenses. The experiment was terminated 25 h post-exposure, when all remaining fish were euthanized using terminal anaesthesia (MS-222, Sigma).
Effects of the level of bacterial antibiotic resistance (low, intermediate and high), antibiotic treatment (water, feed and no antibiotic) and Diplostomum infection on fish survival were analysed using stepwise Cox regression using the control groups (no bacteria, no antibiotic and no Diplostomum) as reference categories. Fish length was used as a covariate. In addition, the effect of F. columnare strain, antibiotic treatment and fish length (covariate) on fluke numbers in the eyes of fish were analysed using ANCOVA. Residuals of a nonlinear asymptotic regression predicting fluke numbers as the function of fish survival time were used to correct for variation in fluke exposure and establishment time among fish individuals showing different time of survival (see [14] ).
Results
Antibiotic significantly reduced the virulence of infection, most evidently when present in water (Wald ¼ 270.71, p , 0.001), but also when given in feed (Wald ¼ 29.882, p , 0.001; table 1 and figure 1 ). The effect of antibiotic depended on the level of resistance of the strain (table 1 and figure 1 ) and was evident with the strain of no resistance when antibiotic was present in water (Wald ¼ 65.192, p , 0.001). The presence of Diplostomum in co-infection with the bacterium increased the overall virulence, but this was not altered by antibiotic (interactions between antibiotic and Diplostomum were not significant and excluded from the final model; table 1 and figure 1) .
Antibiotic affected the number of Diplostomum in the host. First, parasite numbers were higher when the fish were coexposed to the bacterial strain with no antibiotic resistance (table 2 and figure 2) . Second, the effect of antibiotic on fluke numbers was different between the co-infecting bacterial strains (antibiotic Â strain interaction; table 2). Pairwise comparisons indicated that the numbers increased with the presence of antibiotic with the non-resistant strain (ANCOVA: 
Discussion
Antibiotics are important components of chemical pollution of the environment. Yet, their combinatory effects ranging from bacteria to food webs and species interactions are often overlooked. We show that minor environmental antibiotic concentrations could alter outcomes of a disease in combination with co-infection from another parasite, level of bacterial antibiotic resistance and type of antibiotic administration. We found that low antibiotic concentrations particularly in water decreased virulence of the bacterium F. columnare, while this effect depended on the antibiotic resistance of the strains. However, the higher virulence of co-infection with the nontargeted fluke D. pseudospathaceum remained unaltered by the antibiotic. This suggests that although very low environmental concentrations of antibiotics per se can suppress infection among the non-resistant bacteria, co-infections from other parasites might be critical in maintaining bacterial infections in the presence of antibiotic selection. This could apply especially to environmentally transmitted opportunistic pathogens (such as F. columnare [19] ), which are likely to encounter (and be controlled by) minor antibiotic concentrations during their outside-host period [20] . Antibiotics present in the wild are known to cause selection among bacterial populations [3, 21, 22] , resulting in changes in pathogen life history and transmission [7, 23] , as well as in increasing competition and more virulent disease outbreaks [10] . Our results significantly add to this by demonstrating that environmental concentrations of antibiotic can alter the outcome of a disease in a co-infection context, thus potentially shaping disease epidemiology, ecology and evolution. Interestingly, antibiotic, in interaction with the bacterial strain, also influenced the infection success of the co-infecting, non-targeted parasitic fluke. This exemplifies the importance of genetic interactions between the co-infecting counterparts [14] , but also suggests that effects of environmental antibiotics on natural host-parasite interactions can be more complex than previously anticipated. This again may have important implications for parasite -parasite interactions and evolution of virulence. For example, by facilitating bacterial infections, co-infections rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180663
could allow pathogens to express higher virulence in the presence of antibiotic, which could mitigate costs of antibiotic resistance [24] . However, the high variation typically associated with gradients of environmental antibiotic concentrations can make these outcomes challenging to predict. The virulence-reducing effect of environmental concentration of antibiotic in water may likely caused by direct effects of antibiotic on the bacteria during their transmission/outside-host period. The result is intriguing as it suggests that administration of low-level concentration of antibiotic in water, instead of conventional high-dose oral route, would have a stronger effect in regulating bacterial infection. However, here the duration of the antibiotic course given in feed was half of the recommended and confirmation of this result would require trials in broader temporal scale. Furthermore, the experimental conditions may have influenced the intake of antibiotic feed and adsorption of oxytetracycline. Thus, this result should be interpreted with caution.
These results provide promising leads for future research to understand how antibiotics in the environment and antibiotic resistance affect genetic diversity of infections, ecology and evolution of diseases in natural host populations, and fitness of targeted and non-targeted co-infecting parasites under antibiotic selection. This is important as the effects of antibiotic residues in the environment are likely to exacerbate, for example, through constantly increasing volume of intensive food production. Data accessibility. Data supporting this article are available online from the Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.g07kg88) [25] .
